A lthough cardiovascular mortality has declined by %30% in the past decade, the incidence of sudden cardiac death (SCD) remains high. 1 An estimated 80% of SCDs are associated with coronary heart disease (CHD), 2 but despite significant advances in the management of cardiovascular risk factors, approximately half of all SCDs may be the first clinical manifestation of CHD. Consequently, there is a critical need to develop noninvasive, readily available, and inexpensive tools to identify persons with an elevated risk of SCD in the absence of manifest CHD so they can be targeted with preventative therapies. Ventricular tachycardia and ventricular fibrillation, which cause of more than half of SCDs, require an abnormal myocardial electrophysiological substrate to be sustained; this could be manifested by enhanced temporal and spatial variability in cardiac repolarization. 3, 4 Surface electrocardiogram (ECG) measures of beat-to-beat variability of repolarization such as QT variability, 5 T-wave variability, 6 T-wave alternans, 7 and T peaks cloud volume 8 have been associated with ventricular arrhythmias in heart failure (HF) patients. 5, 6, [8] [9] [10] Beat-to-beat temporal and spatial variability in cardiac repolarization has not been studied in a general population with and without manifest cardiovascular disease, and the implications of abnormal repolarization in this population is unknown. We recently developed a novel dynamic vectorcardiograph (VCG) approach for assessing beat-to-beat temporal and spatial variability in the spatial T vector. 8, 11, 12 We found that the spatial TT 0 angle (angle between consecutive spatial T vectors) was minimally influenced by heart rate, 13 showed good reproducibility 14 when measured on routine 12-lead ECGs, and was associated with ventricular tachycardia and ventricular fibrillation in HF patients. We hypothesized that increasing beat-to-beat temporal and spatial variability in the spatial T vector, as measured by increasing mean TT 0 angle on a resting 12-lead ECG, is associated with SCD in a large, prospective, community-based cohort.
Methods

Study Population
The Atherosclerosis Risk in Communities (ARIC) study is a prospective cohort study designed to identify risk factors, progression, and outcomes of atherosclerosis in the community. Between 1987 and 1989, 15 792 male and female volunteers aged 45 to 64 years were recruited by probability sampling from 4 communities (Forsyth County, NC; suburban Minneapolis, MN; Washington County, MD; and Jackson, MS). Details of enrollment and study procedures have been described previously. 15 The study was approved by institutional review committees of all participating institutions. All study participants gave informed consent before entering the study. Participants were excluded from this analysis if their race was neither black nor white (n=47), if their race was black in the Minnesota and Maryland cohorts (n=55), if they were not eligible for the beat-to-beat variability assessment because of cardiac rhythm other than sinus (ventricular pacing or atrial tachyarrhythmias), or if they had ≥2 premature atrial or ventricular contractions (n=281), QRS duration ≥120 ms (n=415), or poor quality ECG recordings (n=277). Because left ventricular hypertrophy affects ventricular repolarization, [16] [17] [18] participants with signs of left ventricular hypertrophy on ECG, defined as a sex-adjusted Cornell product
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>2440 mm9ms (n=743), were also excluded. After exclusion, 14 024 participants remained.
Definitions
History of myocardial infarction (MI) was defined as selfreported MI or ECG evidence of MI, as defined by the Minnesota code. 20 CHD was defined as a history of claudi- 
ECG Data Recording and Analysis
At the time of enrollment in the ARIC study, a digital 10-second, 12-lead, resting ECG was obtained using the 12SL algorithm (Marquette, GE Electronics). The digital ECG (sampling rate 500 Hz, amplitude resolution 1 lV) was then analyzed using customized Matlab software (MathWorks, Inc) and transformed into orthogonal ECGs (x-, y-, and z-axes) and VCGs using the inverse Dower transformation matrix. 24 Spatial peak QRS-T angle was measured, as described previously.
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Dynamic VCGs: Removal of Respiration Effects and Measurement of the Mean Spatial TT 0 Angle VCG fiducial points (the origin point and the peak of spatial Twave vector) were detected automatically. The gross effect of respiration was removed by aligning and rotating VCG loops in space, 26, 27 as shown in Figure 1A -1C. To accomplish this, the cross-point between QRS and T-wave loops was determined for each beat after detection of P1 and P2 points, as described previously, 13 and all beats were translated in space so that the cross-point of each beat was located at the origin (0, 0, 0). This translation allowed preservation of spatial angles and minimized the effects of baseline wandering and respiration. Rotation of VCG loops, another important method of respiration removal, was performed by aligning the P1-P2 vectors, as shown in Figure 1C . The spatial TT 0 angle was calculated using the definition of the inner product:
It was measured for consecutive sinus beats recorded during the 10-second ECG. The mean spatial TT 0 angle was then calculated by averaging all individual TT 0 angles ( Figure 1E ).
Validation of Respiration and Noise-Effect Removal
To ensure that we compensated for the effect of respiration on T axis and TT 0 angle measurement [27] [28] [29] [30] and minimized the potential effect of noise on detection of the spatial T-vector peak, we applied additional corrections to the VCG loops. To provide additional correction for respiration, we reanalyzed 12-lead ECG data with an additional respiration-removal approach described previously by Lazaro et al. 31 To correct for the potential effect of noise on measurement of the T vector (and thus TT 0 angle), we used a hyperspace of points around the peak of the T loop to find the best fit for the peak of the spatial T vector (rather than relying solely on the point furthest from the T-wave loop origin) ( Figure 1D ).
Patient Follow-up and End Point Definitions and Adjudication
Study participants were followed with annual telephone calls, local hospital surveillance, 3 triennal visits until the end of 2002, and querying of the National Death Index. Details of follow-up have been reported previously. 32 The primary outcome in this study was SCD, which was adjudicated in a 2-step process involving 2 independent death adjudication committees, as described previously. 33 All deaths were reviewed and adjudicated by the ARIC morbidity and mortality classification committee using established criteria to determine whether or not a death was attributed to CHD. 32 Definite and possible CHD deaths were then reviewed by an independent SCD adjudication committee to determine whether a death was attributable to SCD, as described previously. 34 
Statistical Analysis
Linear regression (with adjustment for age, sex, race, and study center) was used to determine the association between demographic, clinical, and ECG characteristics and spatial TT hazards models to adjust for covariates associated with TT 0 angle and SCD by including variables with P<0.1 in linear regression. Model 1 adjusted for age and sex and was stratified by race and study center. Model 2 was further adjusted for the presence of CVD, use of b-blockers, use of antihypertensive medications, traditional cardiovascular risk factors (systolic blood pressure, DM, smoking status, total cholesterol, highdensity lipoprotein cholesterol, triglycerides, albumin, body mass index, and leisure activity index), and SCD risk factors (use of alcohol, sodium level, and magnesium level). Model 3 incorporated all variables in models 1 and 2 plus the ECG characteristics of heart rate, corrected QT interval, spatial QRS-T angle, QRS axis, T-wave axis, and spatial T-vector magnitude. Schoenfeld residuals confirmed that the proportional hazards assumption was valid in all models.
The association between mean spatial TT 0 angle as a continuous variable and SCD was further evaluated through the use of fully adjusted Cox regression models incorporating quadratic splines with 4 knots at 1.8°, 3.4°, 5.2°, and 12.5°.
To develop and validate a clinically meaningful threshold of mean TT 0 angle, we randomly divided the study population into 2 groups matched for age, sex, race, and study center. We then chose empirical cutoffs for mean TT 0 angle (at the 75th, It is known that patients with small T-wave amplitudes are at higher risk of mortality. 35 Consequently, to test for robustness of the findings across different spatial T-vector amplitudes, we conducted a sensitivity analysis in a subgroup of participants with spatial T-vector amplitude ≥0.2 mV. Data were independently analyzed by the authors using STATA 13 software (StataCorp LP).
Results
The average participant age (n=14 024) was 54.0AE5.8 years. Women composed 56.2% of the study population (n=7880), and 75.0% of participants (n=10 515) self-identified as white. The mean TT 0 angle was 5.21AE3.55°. Mean TT 0 angle was larger in women than in men (5.6AE3.8°versus 4.6AE3.1°; P<0.0001), in black participants compared with white participants (6.2AE4.3°versus 4.9AE3.2°; P<0.0001), and in participants aged ≥55 years compared with participants aged <55 years (5.4AE3.6°versus 5.1AE3.5°, P<0.0001).
Validation of Respiration and Noise-Effect Removal
Additional corrections for the removal of residual respiration effects 31 and use of a hyperspace of points to define the peak of the spatial T vector did not change the mean TT 0 angle (paired t test 5.21AE3.55°versus 5.26AE4.65°; P=0.318).
Correlates of Spatial TT 0 Angle
The associations between clinical and demographic characteristics of participants and mean spatial TT 0 angle determined through linear regression are shown in Table 1 . In general, increasing comorbidities and cardiovascular risk factors including MI, HF, CVD, CHD, DM, and current smoking were associated with increasing mean TT 0 angle. Female sex and black race were associated with larger mean TT 0 angles.
Increasing age, systolic blood pressure, body mass index, heart rate, QT interval, and QRS-T angle were associated with increasing mean TT 0 angle (Figure 2 as associated with a 2-fold increase in the hazard for SCD (including all participants: HR 2.01, 95% CI 1.28 to 3.16, P=0.002). Unadjusted Kaplan-Meier curves for SCD based on a mean TT 0 angle cutoff of 9.57°are illustrated in Figure 5 .
Subgroup Analyses
Comparison of the Predictive Value of Mean TT
0
Angle and Other ECG Parameters for SCD Risk Stratification
HRs for a 1-SD increase in each ECG parameter in the fully adjusted multivariable Cox proportional hazards model (model 3) are shown in Table 5 . A 1-SD increase in mean TT 0 angle was associated with a 36% increase in the hazard of SCD. Of all ECG parameters evaluated, a 1-SD increase in mean TT All models are general linear models. All models are adjusted for age, race, sex, and study center. BMI indicates body mass index; BP, blood pressure; bpm, beats per minute; CHD, coronary heart disease; CVD, cardiovascular disease; HDL, high-density lipoprotein; TT 0 angle, angle between consecutive T-wave vectors.
angle was associated with the largest observed increase in SCD risk. Heart rate, T axis, and spatial T-vector magnitude were not associated with SCD after multivariable adjustment. Table 6 shows the calculated C statistics of Cox proportional hazards model 2 (without any ECG parameters) and the incremental change in C statistic with 1-by-1 addition of ECG parameters. The Table 2 ), each 1°increment in mean TT 0 angle was associated with a 14% risk increment for SCD (HR 1.14, 95% CI 1.04 to 1.24, P=0.03). Remarkably, participants with a T-vector amplitude ≥0.2 mV and a TT 0 angle >90th percentile (>9.57°) had nearly quadruple risk for SCD (HR 3.92, 95% CI 1.91 to 8.05, P<0.0001).
Discussion
In this large, community-based cohort of >14 000 participants without left ventricular hypertrophy on ECG, increased 
The Association Between Beat-to-Beat Temporal and Spatial Variability in the Spatial T Vector and SCD
The spatial TT 0 angle, a novel electrocardiographic marker of beat-to-beat temporal and spatial variability in the spatial T vector, has been evaluated previously only in a study of 414 patients with HF and an elevated risk for ventricular arrhythmias who received implantable cardioverter-defibrillators for primary prevention of SCD. 8, 11, 36 Within this population, each 1°increase in TT 0 angle was associated with a 2.5% increase in the risk of ventricular tachycardia and ventricular fibrillation detected on follow-up implantable cardioverter-defibrillator interrogations. 36 Although implantable cardioverter-defibrillator therapy for ventricular tachycardia and ventricular fibrillation is not equivalent to aborted SCD, TT 0 angle was associated with a proarrhythmic substrate in these patients.
Our current results demonstrate that even in a population with significantly lower SCD risk, increasing TT 0 angle was associated with SCD after adjustment for known SCD risk markers including factors specifically characterizing ventricular repolarization (T-axis and T-vector amplitude). Consequently, TT 0 angle represents a novel electrocardiographic characteristic that is independently associated with SCD risk. 
Mechanisms of SCD Associated With Increased Beat-to-Beat Temporal and Spatial Variability in Cardiac Repolarization
Stochastic variation in L-type calcium channel, 4,37 I Ks and I Kr potassium channels, 3, 4 and late I Na 4 function are crucial determinants of beat-to-beat changes in ventricular repolarization. Variations in channel gating and density are important determinants of short-term changes in single-cell and cell-tocell action potential duration. In healthy myocardium, intracellular coupling minimizes variation in repolarization and action potential duration; however, in diseased myocardium, ischemia, infarction, or other injury results in cell-to-cell decoupling and increased variability in cardiac repolarization, which can result in frequent early and delayed afterdepolarizations. 3 Under certain circumstances, early and delayed afterdepolarizations may propagate through cardiac tissue and initiate ventricular tachycardia and ventricular fibrillation, which can lead to SCD. We speculate that increased beat-tobeat temporal and spatial variability in the spatial T vector, as measured by TT 0 angle, allows identification of a myocardial substrate with less "repolarization reserve" and more frequent triggers that can initiate malignant ventricular arrhythmias.
The genetic and environmental determinants of TT 0 angle variation are unknown, but in people without cardiac disease, increased TT 0 angle could be related to genetically determined increased stochasticity of ion channel gating, which subsequently produces a myocardial substrate primed for induction of ventricular arrhythmias. Future discovery and study of genes associated with elevated beat-to-beat temporal and spatial variability in the spatial T vector in healthy populations might lead to improved methods of identifying healthy people at risk for SCD and novel therapeutic methods to reduce this risk.
Influence of Sex on Repolarization and TT 0 Angle
The effect of sex hormones on repolarizing currents is well known, 38 and sex-specific variations in ventricular repolarization have been described previously. 39 In general, the QT interval is shorter in men than in women after adolescence 40 because of an earlier onset of phase 3 of the action potential 41 and more rapid repolarization dynamics. 42 Our results, which demonstrated that mean spatial TT 0 angle was larger in women than in men, are consistent with previously reported data. 13 This sex-specific variation in TT 0 angle, and the further observation that mean TT 0 angle had a trend toward a stronger association with SCD in women than in men, is possibly mediated by sex-specific variation in sex hormones. Further studies are needed to test this hypothesis.
Influence of Age on Repolarization and TT 0 Angle
We demonstrated that older participants had larger TT which reduce repolarization reserve and create a myocardial environment favorable to arrhythmogenesis. The mechanisms underlying our observation that mean TT 0 angle was associated only with SCD in patients aged <55 years are less clear. Age is a well-known risk factor for SCD because of its association with CHD, 45 but it is also associated with an increased risk for nonsudden modes of death, and competing risks for sudden and nonsudden death may at least partially explain the lack of association between TT 0 angle and SCD in participants aged >55 years. Alternatively, spatial T-vector amplitude was significantly smaller in older participants, but the predictive value of TT 0 angle was much stronger in participants with larger spatial T-vector amplitudes (≥0.2 mV), which could explain the observed interaction.
The mechanisms underlying SCD in younger and older participants also likely differ and manifest at different points in life. Further study of the interplay between age and beatto-beat temporal and spatial variability in the spatial T vector is required.
Strengths and Limitations
The ARIC study provided high-quality digital ECGs and longterm follow-up with rigorous adjudication of cause of death in a large, prospective, community-based cohort, but these analyses have limitations. ECG data were collected at the time of enrollment; therefore, we are unable to determine whether and how TT 0 angle varied over the follow-up period, whether short-or long-term changes were prognostically important, and what the TT 0 angle was just prior to SCD. In addition, although we adjusted for multiple traditional and ECG-based confounders, residual confounding could have contributed to our observed results. Although we made multiple corrections to minimize the effect of respiration, we did not perform rescaling of VCG loops. VCG loops can expand or contract with respiration due to changes in tissue conductivity; however, Sornmo and associates 26, 27 
Conclusions
In a large, prospective, community-based cohort study of >14 000 participants without left ventricular hypertrophy on ECG, increased beat-to-beat temporal and spatial variability in the spatial T vector-as measured by increased mean TT 0 angle on a 12-lead ECG-was independently associated with an increased risk of SCD, even after adjusting for multiple cardiovascular and SCD risk factors. Validation of our findings in another independent cohort is needed. Further study of the electrophysiological mechanisms underlying increased beatto-beat temporal and spatial variability in the spatial T vector and variations in TT 0 angle are warranted and may lead to the development of effective, noninvasive SCD screening tools and/or novel therapies to reduce the risk of SCD.
